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Abstract
In a high average power free electron laser (FEL) the wall-plug efficiency is of critical importance in determining the size, complexity and cost of the overall system. The wallplug efficiency for the FEL oscillator and amplifier (uniform and tapered wiggler) are strongly dependent on the energy recovery process. A theoretical model for electron beam dynamics in the energy recovery linac is derived and applied to the acceleration and de-acceleration of nano-Coulomb electron bunches for a tapered FEL amplifier. For the tapered amplifier, the spent electron beam exiting the wiggler consists of trapped and untrapped electrons. De-accelerating these two populations using different phases of the radio-frequency wave in the recovery process enhances wall-plug efficiency. For the parameters considered here, the wall-plug efficiency for the tapered amplifier can be -40% using this method.
I. Introduction
The purpose of this paper is to obtain estimates of the wall-plug efficiencies for high-power free electron lasers (FELs) employing energy recovery linacs (ERL). The FEL wall-plug efficiency can be substantially increased by use of ERLs [1] . For highpower FELs, the wall-plug efficiency is of major importance in determining the overall size and cost of the system. The power flow diagram for an FEL based on an ERL is shown schematically in Fig. 1 . In Fig. 1 the injected electron beam is accelerated by radio-frequency (RF) fields in the ERL and sent to the FEL interaction region. The spent electron beam from the FEL is sent back to the RF section and decelerated, thereby replenishing the RF field. The decelerated beam is then sent to a beam dump. In what follows, we define the wall-plug efficiency and calculate it for the FEL oscillator and amplifier (uniform and tapered wiggler) configurations.
II. Wall-Plug Efficiency
In the steady state, the following power balance relationship holds for the various powers flowing through the closed dashed curve in Fig. 1 Pwp is the wall-plug power, P,,, is the power for the cryogenics, magnets, etc., PFEL is the FEL radiation power and Pdump is the electron beam power entering the dump. The combined efficiency q represents the efficiency of generating the RF fields for the injector and ERL as well as for generating the injected electron beam. Here r/F, is the efficiency of generating RF, E is the fraction of power going into RF generation and r7, is the efficiency of the injector (see Fig. 1 ). Note that the efficiency terms (I -e)r/,q and Cr7RF are not independent of each other. The acceleration factor in ERL is given by 1 + /RF / (1 -617n, which is assumed to be given. For example, if the initial electron beam is accelerated by a factor of 15, then the ratio eR F / (1 -),, = 14. Using the above power balance relationship the wall-plug efficiency is given by
where the gain factor is However, in the low gain regime the gain/pass is proportional to N' and therefore N w cannot be reduced below the oscillator's start current condition.
b) Amplifier
The efficiency of an FEL amplifier can be high in the high-gain regime in which the radiation initially grows exponentially. The efficiency can be further increased by tapering the wiggler or by frequency detuning. In addition, pulse slippage is significantly reduced compared to the low gain oscillator regime [4] . Furthermore, in a high-gain uniform wiggler amplifier the radiation can be optically guided if the electron current is sufficiently high [4] . In a tapered wiggler amplifier, optical guiding can also be achieved even in the trapped particle regime.
i) Uniform Wiggler
The wall-plug efficiency associated with the untapered wiggler amplifier is [4] .
ii) Tapered Wiggler
The wall-plug efficiency in the tapered wiggler amplifier configuration depends in detail on the bunch dynamics in the ERL. This analysis is presented in Section III.
However, by making a number of simplifying assumptions an approximate expression for the wall-plug efficiency can be obtained. A more accurate values for the wall-plug is presented in Section IV.
In a tapered wiggler amplifier the FEL output power is [4, 5] PFEL = W 7 EEL Pb = 7 ,trap AI1 (4) where 77FEL = rtrap AP / Pb is the FEL interaction efficiency, lrp is the trapping efficiency, i.e., fraction of electrons trapped in the ponderomotive bucket, and 
where 6Erp is the induced full energy spread associated with the trapped electrons. Note that to this level of approximation Ed.p is independent of AE, rap. where we used the relation in Eq.(4).
III. Dynamics of a Charge Bunch in an ERL
The longitudinal and transverse dynamics of a relativistic charge bunch are described by a set of coupled envelope equations for the root mean square (rms) bunch length and radius. The bunch length and radius dynamics are determined by the effects of the RF linac field, space charge fields, inductive (self magnetic) fields, external focusing fields as well as the axial and transverse energy spreads (emittances).
The space charge and RF fields acting on the electron bunch are given in the Appendix. The axial and radial self electric fields with respect to the center of the bunch
where the function M(4) depends on the bunch's aspect ratio, energy and surrounding geometry (see Fig. 3 and the Appendix), q N is the bunch charge, Lb and Rb are the rms bunch length and radius in the laboratory frame and z(t) is the axial position of the bunch centroid. In the absence of walls M( ) is a function of the aspect ratio and energy only, The ERL fields are given by
where ERF is the field amplitude, 
IV. FEL Amplifier Wall-Plug Efficiency
In this section we calculate the FEL wall-plug efficiency for a tapered amplifier configuration. We numerically solve Eqs. (11) and (12) using electron beam parameters appropriate to a high-power FEL. Injecting these two populations at the same phase of the RF wave causes them to be deaccelerated to the final configuration shown in Fig. 5(b) in which the trapped particles have a minimum energy of E,, n and the un-trapped particles have a minimum energy of
FELEb. The un-trapped particles can be de-accelerated to Em,, by injecting them at a different phase relative to the trapped particles, i.e., one for which the deaccelerating field is larger, as shown in Fig. 5(c) . This increases the recovered energy by an additional amount -r7FELEb, which increases the overall wall-plug efficiency.
In the example that follows, the RF linac field is assumed to have a wavelength of 40 cm and an accelerating gradient of 15 MeV/m. The accelerating/de-accelerating cavity is 5.5 m long. An external quadrupole focusing field with normalized amplitude qBk/(a mc 2 ) = 0.02cm -2 is assumed.
The initial electron bunch before acceleration in the linac is assumed to have the parameters listed in Table 1 , e.g., energy of 5 MeV and a bunch charge of I nC. Injecting the bunch at an initial phase of 4P, 0 = 1.9, it is accelerated to -83 MeV at the end of linac as shown in Fig. 6 (a). The energy spread decreases from 0.12% to 0.008% during acceleration ( Fig. 6(b) ) and the bunch length remains relatively contstant ( Fig. 7(a) ). The bunch radius undergoes oscillation due to the RF and external focusing fields (Fig 7(b) .
Before entering the wiggler, the beam is focused to a spot size of 0.2 mm and compressed to -I psec to increase the peak current for the FEL interaction in a tapered wiggler. At the wiggler exit, the bunch length is -I psec and the trapped and un-trapped particles are assumed to have a longitudinal emittance of_, ~ 2.5 MeV -psec -2500 keV-psec. This corresponds to a fractional energy spread of -3%. In a properly tapered wiggler, -80% of the particles can be trapped.
Before re-entering the linac to be de-accelerated, it is assumed that the bunch is lengthened to 5 psec to reduce the energy spread. The trapped particles are injected at a phase T 0 = 4.18 and the un-trapped particles are injected at 0 = 4.73. This causes both populations to be de-accelerated to a final energy < 2 MeV at the end of the linac, as shown in Fig. 6(a) . 
V. Conclusions
We have calculated the wall-plug efficiency for an FEL oscillator, amplifier, and 
I. Fields a) Space Charge Fields [6-8]
The potential associated with a stationary (beam frame) elliptical charge bunch of uniform density, with radial and axial semi-axis of (a, Zm) in the beam frame, centered at 
2 . The expression for M( ) is valid for the full range of the ratio Rb/ ( y Lb) and is shown in Fig. 3 . The axial and radial self electnc fields of the bunch, centered at r = 0, z = z, = v c t, in the laboratory frame 
b) ERL Fields
The ERL electric and magnetic fields near the axis are given by
ERF is the field amplitude, O)RF is the RF frequency and kRF = 21TI 2 RF is the local wavenumber of the RF field.
II. Bunch Dynamics a) Longitudinal Bunch Dynamics
The relativistic longitudinal electron motion is given by For kRF constant and IkRF &I << 1 we can write 
where L, = Kaz 2)1/2 is the rms bunch length. It can be shown that the above equation
can be written as a total derivative,
and 
c) Change of Variables
It is useful to employ the axial coordinate z as the independent variable instead of the time t. Performing this transformation the equations become a 2 Lb Table 1 . 
